Introduction
Streptomyces coelicolor is a gram-positive filamentous bacterium and the best studied representative of the Streptomyces genus [2, 10] . We previously discovered and characterized a novel global antibiotic down-regulator in S. coelicolor, named whiB-like gene A (wblA, SCO3579), as well as wblA orthologs in several other Streptomyces species [11, 16, 17] . The whiB gene was originally proved or defined as one of the developmental regulatory genes essential for the sporulation of aerial hyphae in S. coelicolor [4] . Interestingly, the whiB homologs are only found in the order Actinomycetales including the genera of Mycobacterium and Corynebacterium [25] , and 11 whiB-like genes are present in S. coelicolor [1, 2] . Seven whiB-like genes were identified in the Mycobacterium tuberculosis genome, whereas only four were found in Corynebacterium glutamicum [14] . The whiBlike genes control diverse cellular processes, such as cell division, differentiation, pathogenesis, starvation survival, and stress response [3, 7, 8, 12, [22] [23] [24] . Extensive genetic studies of wblA in S. coelicolor were also reported [6] . All WhiB-like proteins contain four conserved cysteine residues that presumably bind to a redox-sensitive Fe-S cluster, implying the role for WhiB-like proteins in redox regulation in Actinobacteria [5] . The cluster loss reaction, followed by oxidation of the coordinating cysteine thiols and formation of disulfide bridges, is believed to be important for its activity. Oxidative stress is a process characterized by elevated levels of intracellular reactive oxygen species (ROS), including superoxide anion (O 
Materials and Methods
Construction of Plasmids Containing wblA and spiA sc The plasmid for the His 6 -WblA fusion protein, expressing the His 6 at the C-terminal, was constructed via amplification of the wblA gene using the primers 5'-CATATGGGCTGGGTAACCGAC-3' and 5'-AAGCTTGCCCACGGCCGC-3', and ligating the product DNA into pET21b. The plasmid for the GST-SpiA sc fusion protein, expressing the GST protein at the N-terminal, was constructed by ligating the spiA sc gene, which was amplified using the primers 5'-GGATCC ATGTCCTCCGCACT-3' and 5'-CTCGAGTCATCGGGCGCC-3', into pGEX-4T3. The following restriction enzymes were used for cloning of the fusion protein constructs: His 6 -WblA fusion protein, NdeI and HindIII; GST-SpiA sc fusion protein, BamHI and XhoI.
Strains, Media, and Growth Conditions
Escherichia coli DH5α was utilized for the construction and propagation of plasmids. The wblA (His 6 -WblA) and spiA sc (GSTSpiA sc ) plasmids were expressed in E. coli BL21 DE3 cells. A chaperone plasmid named pTf166 (TaKaRa) was used for expression of the soluble form of GST-SpiA sc . E. coli cells were cultured at 37 o C in LB. S. coelicolor A3 (2) M145 and wblA mutant were used to construct a ∆spiA mutant. S. coelicolor strains were cultured at 30 o C. TSB (Tryptic Soy Broth) and modified R5 liquid media were used as the seed culture and main culture media, respectively. The sensitivity of S. coelicolor strains to diamide was assessed on R2YE plates. Antibiotics were added at the following concentrations when needed: 100 µg/ml ampicillin, 50 µg/ml apramycin, 25 µg/ml chloramphenicol, 50 µg/ml hygromycin.
Protein Purification and Pull-Down Assay
The GST-SpiA sc fusion protein was expressed with chaperone proteins and purified using the GSTrap FF column (GE Healthcare), in accordance with the manufacturer's instructions. Pull-down assays were performed with purified recombinant proteins. His 6 -WblA was overexpressed, denatured using 8 M urea, and refolded on a HisTrap FF column (GE Healthcare) as previously described [18] . The purified GST-SpiA sc fusion protein was then applied to a HisTrap FF column. Eluted protein samples were analyzed by SDS-PAGE. To confirm the effect of oxidants on protein-protein interactions, 1 mM diamide (a thiol-specific oxidant) was added to the refolding buffer. Purified maltose-binding protein was applied to a Ni-NTA column with His 6 -WblA protein and treated, as described above, to assess nonspecific binding.
Construction of spiA sc -Disrupted S. coelicolor Mutant Strains
The S. coelicolor mutant strain was constructed using the PCRtargeted gene-disruption system, according to the method described by Gust et al. [9] . An apramycin resistance gene/oriT cassette for the replacement of spiA sc was amplified using the pIJ773 DNA fragment as a template and the following primers: 5'-TACAAG ACCGCGGACGGGATGTACCAGGAGATCAAACAGATTCCGG GGATCCGTCGACC-3' and 5'-AGTTCGGCGACCAGCACCTCC ACCAGTTGTCCGGCGGGCTGTAGGCTGGAGCTGCTTC-3'. The resultant PCR product was used to target the StC77 cosmid (kindly provided by the John Innes Centre in the United Kingdom) containing the spiA sc gene in E. coli BW25113/pIJ790. The mutated cosmid was transferred to S. coelicolor and S. coelicolor ∆wblA mutant strains by conjugation via E. coli ET12567/ pUZ8002. The desired mutants, the products of double crossovers, were confirmed by screening for colonies that were apramycin resistant but kanamycin sensitive. The double-crossover exconjugants were selected using standard apr R /kan S methods [9], followed by confirmation of both S. coelicolor ∆spiA sc and S. coelicolor ∆wblA∆spiA sc genomic DNAs by PCR. The following primers were used to confirm the double-crossover recombinants: 5'-ACTGACCGATCT CTTCCCCT-3' and 5'-ACAACCCCGACAACGCTGT-3'.
Biochemical Analysis and Real-Time RT-PCR
The sensitivity of the S. coelicolor wild-type and mutant strains (∆wblA, ∆spiA sc , ∆wblA∆spiA sc ) to diamide were assessed on plate culture. All strains were spread on R2YE plates. A total of 1.72 mg (10 µl of 1 M) of diamide (N,N,N',N'-tetramethylazodicarboxamide) was then applied to a paper disc positioned at the center of the plate. The plate was then incubated at 30 o C for 48 h until the formation of a clear zone had completely occurred. The RNA was prepared with the RNeasy Mini Kit (Qiagen) by following the manufacturer's instructions. The cDNA conversion was carried out with a PrimeScript 1 st strand cDNA Synthesis Kit (TaKaRa).
Real-time RT-PCR was performed using the TaKaRa SYBR Premix Ex Taq (perfect Real Time) with a Thermal Cycler Dice Real Time System Single (code TP850) (TaKaRa). Normalization was performed with hrdB, a housekeeping gene in S. coelicolor, using the primer pair hrdB_F (5'-GCGGTGGAGAAGTTCGACTA-3') and hrdB_R (5'-TTGATGACCTCGACCATGTG-3'). The following primers were used for real-time RT-PCR: SCO0999 (sodF2)_F, 5'-GCACATTCT GCACTCGATCT-3'; SCO0999 (sodF2)_R, 5'-GTCGAAGACGAG GATCGG-3'; SCO2633 (sodF)_F, 5'-ACTCGATCTACTGGCACA
